It is known that there is a correlation between hydration heat and physico-mechanical properties of wood based cement panels. Cement hydration is affected by many variables, such as chemical composition, water/ cement ratio, wood/cement ratio, wood chemical properties, mineral additions and producing conditions. This study mainly aimed to investigate the effects of press temperature on some properties of three-layer cement bonded particleboard made from the particles of spruce (Picea orientalis) and poplar (Populus tremula). For this purpose, a total of 16 experimental board groups with 1200 kg/m 3 target density and 1/3 wood-cement ratio were produced at the press temperatures of (20, 30, 40, 50, 60, 70 and 80) °C. As cement curing accelerator, CaCl 2 was used at a rate of 5 % (cement weight basis). The physical, mechanical and thermal properties of the boards were determined. The results indicated that the press temperature substantially affected the properties of cement-bonded particleboard depending on the wood species. In the light of this study, the optimum temperatures in producing of cement-bonded particleboard were found as 40 °C for poplar wood and 60 °C for spruce wood.
INTRODUCTION
Wood based cement panels have been rapidly accepted in the construction industry due to their perfect exterior properties (Maail et al. 2011 ). These panels have been recently preferred for exterior walls, external cladding, protective elements for fireproofing, roof shingles, tiles, specialized flooring and sound insulation etc. The major advantages of the panels are their good acoustical and thermal insulating properties and high performance to resist decay, fungi, insects, moisture, fire (Fan et al. 2004 , Tabarsa and Ashori 2011 , Yel et al. 2011 , Tittelein et al. 2012 . According to the morphology of the wood particles used in the panel manufacture, wood cement panels are named wood wool cement boards, cement bonded fiberboard, cement bonded particleboard, and wood strand cement boards, respectively (Jorge et al. 2004 , Kalaycioglu et al. 2012 , Donmez Cavdar et al. 2017 .
The compatibility indicates cement-curing degree after mixing with water and wood particle/fiber and significantly affects the strength properties of wood cement composites. Therefore, the compatibility between wood and cement is very important. The presence of wood is the most important factor because of its water-soluble extractive compounds, which can inhibit cement curing. Polysaccharides in wood extractives prevent the forming of the main hydrates (Ca(OH) 2 and C-S-H) of cement (Tittelein et al. 2012 , Biblis and Lo 1968 , Weatherwax and Tarkow 1964 , Thomas and Birchall 1983 . In the presence of sugar acids, sugars and lignosulfonates, cement grains are surrounded by acicular hydrates and are formed around un-hydrated cement grains, which prevent the curing of cement (Fischer et al. 1974, Sandermann and Kohler 1964) . It is known that some methods such as mineral additives, CO 2 injection, cold-hot water and NaOH extractions are applied to reduce the incompatibility between wood and cement (Jorge et al. 2004) . In addition to wood species, many factors such as wood-cement ratio, cement type, water-cement ratio, manufacturing conditions, mineral additions (curing accelerator types) and their mixing ratio affect the quality of wood based cement panels.
The quality of wood-based cement panels is mostly related to the maximum hydration temperature of cement during curing. Sanderman and Kohler (1964) have reported a relationship between wood-cement compatibility and cement hydration temperature. In another study, it was also concluded that direct heat treatment during the pressing process accelerated curing of cement in wood-based cement panels (Cabangon 1997) . To the best of authors' knowledge, a comprehensive research has not been done about what the temperature should be and how the optimal temperature varies according to wood species during hydration reaction of wood-cement-water mixture. Therefore, the aims of this study are to investigate the effect of the press temperature applied during pressing on the properties of cement-bonded particleboards (CBPBs), to determine the optimal press temperature for producing these boards and if the optimum temperature value has changed according to the wood species.
MATERIALS AND METHODS
Poplar (Populus tremula L.) and spruce (Picea orientalis (L.) Link.) samples were obtained from Trabzon Sozenler Forest Products Co., Turkey. The commercial ordinary Portland cement, CEM II B-M (P-LL) 32,5 R type, used as binder, was supplied by Askale Cement Co. in Turkey. Calcium chloride (CaCl 2 ) was bought in solid form from Merck Chemicals Ltd.
Sawmill residues were firstly chipped in a laboratory-type hammer mill and then refined into fine particles for manufacturing three-layer particleboard in a knife-ring chipping machine. Afterwards, all the particles were sieved with a vibrating horizontal screen to generate surface and core layers particles. The particles, which passed through the 3 mm sieve and retained on 1,5 mm sieve, were used for core layer, while the particles, which passed through the 1,5 mm sieve and retained on 0,5 mm sieve, were used for surface layers. The core/ surface layers ratio was 65/35 for each board group. The wood/cement ratio, based on the oven dry weight, was selected as 1/3 for producing the three-layer CBPBs. Calcium chloride (CaCl 2 ) was used as an accelerator to reduce the incompatibility between wood and cement. The accelerator ratio was chosen according to Yel et al. (2010) . They reported that optimum CaCl 2 content was 5 percent based on cement weight for CBPBs. The amount of distilled water was calculated by Equation 1 below, developed by Simatupang (1979) .
MC= wood moisture content (oven dry basis) W = oven-dry wood weight (kg).
The experimental design is given in Table 1 . The mixture of wood/cement/water was hand formed inside a wooden mold. Afterwards, the hand-formed panel was removed from the wooden mold and compressed in a hot press under a pressure of (18-20) kg/ cm 2 for 24 hrs. In the first 8 h of pressing, 8 different temperatures for each group were applied (Table 1) and then the pressing continued for 16 h at ambient temperature. Three replicates were made at a dimension of 45 cm x 45 cm x 1 cm and a target density of 1200 kg/m 3 for each board type. In order to complete the cement hydration, the boards were conditioned at 20 °C and 65 % RH for one month and then the test samples were prepared, based on the principles specified in the European Standards.
The density BS EN 323 (BSI 1993), moisture content ASTM D1037-12 (ASTM 2012), water absorption BS EN 322 (BSI 1993), thickness swelling BS EN 317 (BSI 1993), bending properties BS EN 310 (BSI 1993), internal bonding strength BS EN 319 (BSI 1993) and screw withdrawal strength BS EN 320 (BSI 1993) for CBPB samples were determined by the given standards. Ten samples were tested for each type of board.
TGA/DTA analyses were performed by means of a simultaneous DTA-TGA thermal analyzer apparatus (Shimadzu DTG-60, Japan) under nitrogen atmosphere at a rate of 10 °C/min from (30 to 900) °C.
Mechanical test results of all the CBPBs were evaluated statistically with One Way ANOVA and Duncan's mean separation test by using SPSS 21.0 (IBM 2018).
RESULTS AND DISCUSSION

Mechanical properties
The bending properties of the boards are given in Figure 1 . Letters in Figure 1 represent Duncan's mean separation test results. According to the variance analysis test-One Way ANOVA, wood species and press temperatures affected substantially all tested mechanical properties of CBPBs (p values: 99 %).
Modulus of rupture (MOR) and modulus of elasticity (MOE) values depending on the press temperature and wood species ranged from 2,72 MPa to 11,96 MPa and 2093 MPa to 5627 MPa, respectively. The highest MOR and MOE values were recorded by board type of P4 produced with poplar particles at 40 °C press temperature while the boards produced with spruce particles at 60 °C had highest MOR and MOE values. However, over 60 °C, a sharp decrease in the bending properties of the CBPBs was observed. All the groups excluding P7, P8, S7 and S8 produced at 70 °C and 80 °C met the minimum MOR (9 MPa) and MOE (class 1: 4500 MPa and class 2: 4000 MPa) requirements stated in BS EN 634-2 (BSI 1997). It was shown that the press temperatures above 60 °C led to a significant decrease in the MOR and MOE values of the boards made from both spruce and poplar.
Figure 1:
Effect of press temperature on the bending properties of the CBPBs. *Groups with same letters signify that there is no statistical difference (p < 0,001) between the board types based on Duncan's multiply range test.
The poplar boards had generally higher MOR and MOE values than the spruce boards because poplar had higher pH values (6,32) than spruce (5,03) (Yel 2015) . The hydration reaction of the cement is carried out in alkaline environment (pH: 12,5) and wood with low pH value may negatively affect the cement board properties (Hachmi and Moslemi 1990) . For this reason, the pH of poplar wood is more suitable than that of spruce wood for manufacturing cement bonded particleboards.
The wood extractives induce a complexity with the metal ions in the cement solution, causing the reduction of Ca 2+ concentration in the cement, and disrupting the stability of the solution. This inhibits the formation of Ca(OH) 2 and C-S-H gel which are hydration products of cement (Janusa et al. 2000) , and leads to a significant decrease in the properties of CBPBs. This caused a decrease in MOR and MOE of the boards produced at 70 °C and 80 °C because the amount of soluble substances, which inhibit the hydration of cement, in wood increases with an increase in press temperature and alkali environment. Figure 2 shows the results of internal bond strength (IB) and screw withdrawal strength (SW) of the CB-PBs and their homogeneity groups. IB and SW values of the samples were within the range of (0,1 to 1,58) MPa and (20 to 135) MPa, respectively. The highest IB values were found in the P2 group of poplar boards and S3 group of spruce boards, while the highest SW values were found in the P3 group of poplar boards and S2 group of spruce boards. The results were supported by other researchers. Ashori et al. (2012a) evaluated press temperatures of 25 °C and 60 °C on wood-based cement panels. They found that the mechanical properties of the samples decreased with an increase in the press temperature. Del Menezzi et al. (2007) and Ashori et al. (2012b) reported that the manufacturing of wood cement boards was successful when pressing at room temperature. The lowest IB and SW values were found in the groups produced at 70 °C and 80 °C. All the groups excluding the board groups (P7, P8, S7 and S8) produced at 70 °C and 80 °C met the minimum IB strength requirements (0,5 MPa) stated in BS EN 634-2 (BSI 1997) . Similar to the bending properties, the press temperatures above 60 °C leaded to a significant decrease in the IB and SW values of the samples for both spruce and poplar.
Physical properties
The densities of the CBPBs with poplar and spruce particles were about 1210 kg/m 3 and 1130 kg/m 3 , respectively. The samples with poplar particles had a little higher density than those of spruce particles. This may be related to density differences between the wood species. The water absorption (WA) and thickness swelling (TS) values of the cement-bonded particleboards are given in Figure 3 . The WA and TS values of the samples made with spruce were higher compared to the samples produced with poplar due to differences in their density. It is known that the WA and TS rates increase with decreasing of composite density (Ashori et al. 2012a) . It was observed that the press temperature had a significant adverse effect on WA and TS of the boards above 70° C. The lowest values of WA and TS were obtained from P2 and S4 groups, while the highest values were attained from the boards produced at 70 °C and 80 °C. It was observed that the press temperatures of up to 50 °C led to an improvement in the WA and TS properties of the boards made of spruce particles.
The moisture contents (7 -11) % of all the board groups met the requirements (6 -12) % in BS EN 634-1 (BSI 1995). The BS EN 634-2 (BSI 1997) standard requires 1,5 % of the 24 h-maximum thickness swelling for Ordinary Portland Cement-OPC bonded particleboards. The TS values of all the board groups excluding the board groups (P7, P8, S7 and S8) produced at 70 °C and 80 °C met the TS requirements for 24 h in BS EN 634-2 (BSI 1997) standard as shown in Figure 3 . This indicates that the press temperature should not exceed 60 °C in producing of the cement-bonded particleboards from both poplar and spruce. Some substances in wood, such as hemicelluloses, starches, sugars, phenols and hydroxylated carboxylic acid, inhibit the hydration of cement (Weatherwax and Tarkow 1964) . The alkaline environment in wood-cement paste arises during cement hydration and may dissolve hemicelluloses (Miller and Moslemi 1991) . The increase in the press temperature and alkaline environment may have caused an increase in the solubility of the extractive substances and hemicellulose in the wood particles, which can prevent the hydration reaction of cement. The cement could not prevent water uptake of wood particles and TS of the wood particles since the boards produced at 70 °C and 80 °C had weak bonds in cement-wood and cement-cement (Ashori et al. 2012a) .
Thermogravimetric analysis (TGA/DTG)
TGA-DTG curves of the cement-bonded particleboards made from spruce and poplar woods at different press temperatures were illustrated in Figure 4 . In the figures, four endothermic peaks appeared for the cement-bonded particleboards. The first peak arose at approximately 100 °C due to the dehydration of pore water. The second peak arose at about 350 °C due to decomposition of wood components. According to Kim et al. (2006) , wood components decompose at different temperatures; hemicellulose at (180 to 350) °C, cellulose at (275 to 350) °C and lignin at (250 to 500) °C. The third peak arose at approximately 430 °C due to the dehydration of calcium hydroxide (Ca(OH) 2 ). The last peak arose at approximately 740 °C due to decarbonation of calcium carbonate (CaCO 3 ) . Calcium carbonate is not a hydration product as calcium hydroxide and calcium silicate hydrate. It is a result of reaction of calcium hydroxide with carbon dioxide (Shafiq and Nuruddin 2010, Cabrera and Lynsdale 1996) 
The degree of cement hydration is calculated using the amount of calcium carbonate and calcium hydroxide detected in the TGA/DTG output (Cabrera and Lynsdale 1996) . The calcium hydroxide and calcium carbonate decompose at (420 to 550) °C and (600 to 800) °C as following Equation 3 and Equation 4, respectively (Shafiq and Nuruddin 2010, Cabrera and Lynsdale 1996) . The weight losses of CBPB at four different temperature ranges were summarized in Table 2 . The results indicate that the carbon dioxide reacted with calcium hydroxide to produce calcium carbonate (CaCO 3 ). The least weight losses at (420 to 550) °C and (600 to 800) °C were obtained from the board groups (P8 and S8) produced at a press temperature of 80 °C. This may be due to the fact that the wood extractives, which are more soluble at high temperatures, inhibits cement hydration. The physical and mechanical properties of the boards are compatible with the values mentioned above. It was shown that the press temperature under 60 °C improved the hydration of cement and the properties of the cement-bonded particleboards made from both spruce particles and poplar particles. 
CONCLUSIONS
The study investigated the effect of press temperature on some properties of cement-bonded particleboard produced with spruce and poplar wood species. It was observed that press temperature applied during the hydration reaction of cement had a significant effect on physical and mechanical properties of cement bonded particleboards and this effect varied according to wood species. The optimal press temperature was 40 °C for the boards from poplar wood and 60 °C for the board produced from spruce to achieve the best physical and mechanical properties. In the light of obtained results, the press temperature should not exceed 60 °C because it caused serious declines in the properties of cement-bonded particleboards.
